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SV2A and SV2B Function as Redundant
Ca21 Regulators in Neurotransmitter Release
homologous proteins referred to as SV2A, SV2B, and
SV2C (Bajjalieh et al., 1992, 1993; Feany et al., 1992;
Gingrich et al., 1992; Janz and SuÈ dhof, 1999). SV2s con-
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Summary Comparisons between SV2 isoforms show that the
TMRs and the cytoplasmic loops connecting TMRs are
highly conserved, while the N-terminal cytoplasmic se-SV2 proteins are abundant synaptic vesicle proteins
quence and all of the intravesicular loops between TMRsexpressed in two major (SV2A and SV2B) and one mi-
exhibit little homology (Figure 1; Janz and SuÈ dhof, 1999).nor isoform (SV2C) that resemble transporter proteins.
The three SV2 proteins are differentially expressed inWe now show that SV2B knockout mice are phenotypi-
brain. SV2A is universally present in almost all neurons,cally normal while SV2A- and SV2A/SV2B double
independent of their neurotransmitter type, while SV2Bknockout mice exhibit severe seizures and die postna-
exhibits a more restricted distribution (Bajjalieh et al.,tally. In electrophysiological recordings from cultured
1994). SV2C, finally, is only present in a small subset ofhippocampal neurons, SV2A- or SV2B-deficient cells
neurons in the basal forebrain and brainstem (Janz andexhibited no detectable abnormalities. Neurons lack-
SuÈ dhof, 1999).ing both SV2 isoforms, however, experienced sus-
In addition to SV2A, SV2B, and SV2C, synaptic vesi-tained increases in Ca21-dependent synaptic trans-
cles contain a distantly related protein called SVOPmission when two or more action potentials were
(Janz et al., 1998). SVOP has a similar transmembranetriggered in succession. These increases could be re-
structure as SV2s with 12 putative TMRs and cyto-versed by EGTA-AM. Our data suggest that without
plasmic N and C termini. However, different from SV2s,SV2 proteins, presynaptic Ca21 accumulation during
SVOP does not have the epitope for the SV2 monoclonalconsecutive action potentials causes abnormal in-
antibody and is apparently expressed in a single iso-creases in neurotransmitter release that destabilize
form. Furthermore, SVOP lacks the long cytoplasmicsynaptic circuits and induce epilepsy.
loop between TMRs 6 and 7 that is conserved in all SV2s
and the large intravesicular loop between TMRs 7 andIntroduction
8 that is highly glycosylated in SV2s. Interestingly, no
SV2 homologs have been identified in an invertebrate,
SV2 was originally identified in a monoclonal antibody
such as Drosophila or C. elegans, while SVOP is highly
screen for synaptic vesicle proteins in the electric ray
conserved in these organisms (Janz et al., 1998). This
Discopyge ommata (Buckley and Kelly, 1985). The SV2 suggests that SVOP may be the evolutionary precursor
monoclonal antibody proved extremely useful, revealing of SV2s, and that SV2s are an evolutionarily late acquisi-
that SV2 is a component of all synaptic vesicles in all tion that is specific for vertebrates.
vertebrates and is additionally found on neuroendocrine The functions of SV2s and of the more distantly related
secretory granules (Lowe et al., 1988). Based on these SVOP have remained elusive despite a large amount of
properties, SV2 became one of the most frequently em- effort. The first, and currently only, clue to their potential
ployed markers for synaptic vesicles and endocrine activities was provided by the finding that all SV2s are
granules. Molecular cloning showed that vertebrates homologous to a group of proteins involved in facilitated
contain three distinct SV2 genes which encode highly transport in eukaryotes and bacteria (Bajjalieh et al.,
1992; Feany et al., 1992; Gingrich et al., 1992). This
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sugars may serve as a chemiosmotic stabilizer of synap-
tic vesicles (Scranton et al., 1993; Janz et al., 1998).
Possibly a difference in the recycling and the mechanical
stability of vertebrate synaptic vesicles compared with
invertebrates might require such a function. Alterna-
tively, the relatively long N-terminal sequences and the
conserved cytoplasmic loop between TMRs 6 and 7
might interact with as yet unknown cytoplasmic pro-
teins, or bind small molecules during synaptic vesicle
exo- and endocytosis. For example, the N-terminal re-
gion of SV2A has been shown to bind to synaptotagmin
I in vitro (Schivell et al., 1996). Finally, the conservation
of the TMRs is not necessarily an indication of a role as
a transporter. The TMRs could also form an intramem-
branous scaffold that stabilizes the curvature of synaptic
vesicles or mediate an as yet unidentified process during
synaptic vesicle fusion or budding.
It is surprising that despite considerable effort, ex-
pression strategies or biochemical studies have been
unable to give an indication of what SV2s may be doing
in the nerve terminal or in neuroendocrine cells. To ad-
dress this problem, we have therefore taken a different
approach. In a long-term project, we are interested in
defining the functions of synaptic vesicle proteins during
exo- and endocytosis (Fernandez-Chacon and SuÈ dhof,
1999). Since most of the vesicle components are trans-
membrane proteins that function in trafficking, defining
their roles in a mature nervous system requires a genetic
analysis to complement the biochemical and cell biolog-
Figure 1. Transmembrane Domain Structure of SV2s and Location ical studies. We now report such an analysis of the
of Introns and of Conserved Residues functions of SV2s in mice. Our data show that SV2s are
Amino acids in the primary sequence of SV2s are indicated by cir- not essential for synaptic vesicle exo- or endocytosis
cles, with 12 potential TMRs predicted by sequence analyses. Resi-
as such. However, SV2s are required for maintainingdues that are conserved in SV2A, SV2B, and SV2C are shown in
the normal functioning of the vertebrate brain, probablyblack, residues that are identical in at least two of the three isoforms
because of a regulatory function in Ca21-dependent exo-in gray, and nonconserved residues in white. Coding exons are
numbered 1 through 12, and positions of introns are indicated by cytosis revealed by electrophysiological studies of neu-
lines crossing the peptide chain. Branched lines show positions of rons lacking SV2s. Our results provide the first indication
N-linked carbohydrates. N and C termini are identified by letters. for an in vivo function of this enigmatic family of synaptic
vesicle proteins.
substrates SV2s and SVOP might transport. Initially, it
was thought that SV2A may be a neurotransmitter trans- Results
porter (Feany et al., 1992). However, its presence in
nerve terminals with distinct neurotransmitter specificity Structure of the Murine SV2 Genes
To study the exon±intron structure of the SV2 genes anddispelled this idea (Bajjalieh et al., 1994). Analysis of the
sequences of the TMRs of SV2s and SVOP identified a to obtain genomic DNA for subsequent construction of
knockout vectors, we screened a murine genomic lpair of conserved negatively charged residues in the
first TMR of these proteins (Janz et al., 1998; Janz and library from the SV129 mouse strain with probes from
the 59 ends of the SV2A and SV2B cDNAs. Analysis ofSuÈ dhof, 1999). The two negatively charged residues are
spaced three residues apart, placing them on the same multiple clones isolated in this screen revealed that ex-
ons encoding the entire SV2A protein were present onface of an a-helix. The presence of charged residues in
the middle of TMR1 and of multiple conserved glycine a single l clone, suggesting that this gene is relatively
small. Clones from the SV2B gene, by contrast, con-and proline residues in other TMRs support the notion
that SV2s are transporters, and suggest that they trans- tained only the 59 end of the coding region. We se-
quenced the region of the l clone containing the entireport a positively charged substrate.
Although the homology of SV2s to transporters and SV2A coding sequence (approximately 12 kb), and part
of the SV2B genomic clone that includes the 59 exon.their pattern of conservation suggests a transport func-
tion, no such activity could be demonstrated with either The resulting sequences showed that the coding region
for SV2A is distributed over 12 exons in the murine ge-expressed or purified SV2 proteins. Indeed, functions
other than transport activities are equally possible; fur- nome, covering z12 kb of genomic DNA. Sequences
from the SV2B genomic clones, however, identified onlythermore, SV2s could potentially have multiple func-
tions. The large intravesicular loop of SV2s that is highly the first coding exon of the SV2B gene whose structure
corresponds precisely to the first coding exon of theglycosylated gave rise to the idea that the resulting per-
manent intravesicular charges carried by the attached SV2A gene.
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The availability of a gene structure for SV2A allowed 2C and 2D). The results show that the protein bands
us to map the location of the introns in the domain corresponding to SV2A and SV2B show a clear reduction
structure of the protein (Figure 1). The results showed in the heterozygous animals and are absent in the re-
that there is no obvious pattern of intron placements; spective homozygous mutant animals, whereas the con-
introns were found in all positions of the structure, with- trol proteins are unchanged. These data demonstrate
out preferential locations in the cytoplasmic or intravesic- that the targeted inactivation of the SV2A and SV2B
ular sequences or in the TMRs. Interestingly, the large genes leads to removal of the protein as predicted from
cytoplasmic loop between TMR 6 and 7 and the large the design of the knockout vector.
intravesicular loop between TMR 7 and 8 are encoded
by several exons each (Figure 1). Since both loops are Properties of SV2A and SV2B Knockout Mice
absent from the evolutionarily older transporters to Although both the SV2A and the SV2B knockout mice
which SV2s are homologous and are also not present in were born in the expected Mendelian ratios, they experi-
the SVOP sequence (Janz and SuÈ dhof, 1998), a possible enced very different postnatal histories. The SV2B-defi-
hypothesis might have been that they were created by cient mice displayed no apparent morbidity or prema-
single exon insertions. The gene structure suggests that ture mortality, were fertile and fully capable of caring
this is not the case. for their offspring, and seemed to suffer no negative
consequences from the absence of SV2B. The SV2A-
Generation of Mutant Mice Lacking SV2A or SV2B deficient mice, by contrast, exhibited a very strong phe-
The genomic clones were used to construct targeting notype. A large proportion of the homozygous SV2A
vectors for SV2A and SV2B (Figure 2). The vectors con- mutant mice died immediately after birth, while those
tained a neomycin resistance gene cassette under con- that survived started to experience frequent seizures in
trol of the DNA polymerase II promoter for positive selec- the second and third postnatal week and died soon
tion and two copies of the thymidine kinase gene from afterward.
herpes simplex virus for negative selection. The design of To quantitate the phenotype of the SV2A-deficient
the targeting vectors was such that homologous recombi- mice, we mated pairs of heterozygous mutant mice and
nation in the SV2A gene deletes exons 2±9 which encode monitored the resulting offspring (115 total) for 25 days
the majority of the protein (residues 208±559), including starting at birth. The experiment was conducted blindly
the large cytoplasmic and intravesicular loops and 5 of since the genotype of the mice was only determined
the 12 TMRs (Figure 1). Homologous recombination in after the study was finished. All dead pups were col-
the SV2B gene removes only exon 1 (containing amino lected, and all mice could be accounted for at the end
acids 1±149) which, however, encodes not only the N of the experiment. The results of the experiment were
terminus but also the first two TMRs. Thus, according then plotted as a function of genotype and postnatal
to their design, homologous recombination directed by age (Figure 3).
both targeting vectors should result in a null mutant. The data reveal that the SV2A gene is essential for
Embryonic stem (ES) cells were transfected with the survival since no mutant mice survived. The mice died
linearized targeting vectors and subjected to positive in two phases (Figure 3A): 50% of the homozygous and
and negative selection as described (McMahon et al.,
10% of the heterozygous mutant animals died in the
1996; SchluÈ ter et al., 1999). Double resistant clones were
first few days after birth; those SV2A-deficient mice that
analyzed for homologous recombination by Southern
survived the first postnatal week also survived the fol-blotting with probe P for SV2A (Figure 2A), or by polymer-
lowing week, but then died between postnatal days 16ase chain reaction (PCR) using primers B3 and N for
and 21. All of the homozygous mutant mice died, butSV2B (Figure 2B). ES cells carrying homologously re-
none of the wild-type and heterozygous animals diedcombined SV2A or SV2B genes were then used to gener-
after the first postnatal week (Figure 3A). We have notate mice by blastocyst injections (SchluÈ ter et al., 1999).
found a single SV2A homozygous mutant animal thatThe initially derived chimeric mice were bred with
survived beyond 23 days of age out of more than 500C57Bl6 mice, and the resulting offspring with germ line
animals genotyped, suggesting that the SV2A mutationtransmission were mated with mice containing the same
is lethal.hybrid SV129/C57Bl6 background. All analyses de-
Observation of the SV2A-deficient mice that survivescribed below were obtained on littermates of inter-
the first week showed that they experience severe spon-breedings with the same hybrid backgrounds to control
taneous seizures starting in the second postnatal week.for nonspecific strain effects.
Although we and others have observed seizure activityTo ensure that the deletions introduced into the SV2A
in a number of knockout mice, for example the synapsinand SV2B genes by homologous recombination in fact
knockouts (Rosahl et al., 1995), the seizures observedabolished protein expression, we mated mice heterozy-
in the SV2A-deficient mice are strikingly different: theygous for either the SV2A or the SV2B mutation and ana-
are longer lasting, stronger, and more debilitating thanlyzed the newborn offspring. In both cases, homozygous
we have observed in any other mouse line. This sug-mutant mice were present in the litter at the predicted
gested that the seizure activity may be related to theMendelian frequency, suggesting that the SV2A and the
mortality of these mice. Indeed, when we compared theSV2B mutations do not result in embryonic lethality. We
seizure incidence, weight, and mortality of the SV2Athen analyzed the brains from newborn wildtype (1/1),
mutant mice as a function of age, we found that theheterozygous (1/±), and homozygous mutant SV2A or
seizures begin in the second postnatal week and in-SV2B animals (±/±) by immunoblotting. SV2A and SV2B
creased in severity and frequency thereafter (Figure 3B).were detected with specific antibodies, and synaptotag-
min I and rab3 were used as positive controls (Figures The weight of the mutant mice is indistinguishable from
Neuron
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Figure 2. Generation of SV2A and 2B Knockout Mice
(A and B) Schematic diagrams of the structures of the murine SV2A (A) and SV2B genes (B), the design of their targeting vectors, and the
map of the mutant gene after homologous recombination. The knockout vector contains a neomycin resistance gene casette (Neo) and two
copies of the thymidine kinase gene from Herpes simplex virus (TK). In SV2A, homologous recombination leads to a mutated gene with a
deletion of the exons 2±9 and replacement by the neomycin gene. Southern blot analysis with an outside probe (P) and PCR analysis (primers
A1, A2, and N) were used to detect the homologous recombination and follow the mutated allele in the generated mice. A similar approach
was used to replace the exon 1 of the mouse SV2B gene. The homologous recombination in the ES cells was detected by an outside primer
(B3) and the neomycin resistance gene cassette primer N. Genotyping of the mice was then done by PCR with primers B1, B2, and N.
(C and D) Western blotting analysis of brain proteins from SV2A (C) and SV2B (D) knockout, heterozygous, and wild-type mice using specific
antibodies for SV2A, 2B, synaptotagmin I, and rab3A. The knockout and heterozygous mice show a clear lack or reduction of the level of the
respective mutated protein. There are no detectable changes in the level of the other proteins.
that of wild-type and heterozygous mutant mice until Generation and Analysis of SV2A/B Double
Knockout Micethe end of the second postnatal week, a few days after
seizure activity begins (Figure 3C). After a further few SV2A and SV2B are very similar and expressed in largely
overlapping patterns, suggesting functional redundancydays of delay, the mutant mice start to die (Figure 3A).
These results show that in the SV2A-deficient mice sur- (Bajjalieh et al., 1994). To test this, we generated double
knockout mice using standard breeding strategies.viving the first week, seizures begin to develop first,
then weight loss follows, and finally death. It thus seems Since it was possible that the SV2A and SV2B genes
are linked in the genome, it was not predictable if suchlikely that these mice die because their high seizure
incidence prevents them from feeding and drinking double knockout mice could in fact be obtained. How-
ever, interbreeding readily resulted in the generation ofproperly.
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shown). These animals are viable and fertile, survive
until at least 2.5 years of age, and exhibit no obvious
phenotype. Analysis of the offspring of matings between
the SV2A heterozygous/SV2B homozygous mutant mice
revealed that at birth, double SV2A/SV2B homozygous
mutant mice were present in the litter in the expected
Mendelian ratio. This result indicates that the double
mutation also does not lead to embryonic lethality (data
not shown). However, approximately half of the double
knockout mice died in the first few days after birth. The
surviving mice were subject to severe seizures starting
with the second postnatal week, and died within the
following 2 weeks similar to the SV2A-deficient mice.
Therefore, in terms of morbidity and mortality, the SV2A/
SV2B double knockout mice have a phenotype that is
similar to that of the SV2A single knockout (see Figure
3). This suggests that the SV2B knockout does not ag-
gravate the survival phenotype of the SV2A deletion.
Structure and Composition of the Brains of SV2
Knockout Mice
We next examined the brains of SV2 knockout mice
to detect developmental changes or alterations in their
composition. This experiment was motivated by the idea
that developmental malformations could cause sei-
zures, as observed in many human disorders. However,
when we studied the overall structure of the mutant
brains using Nissl-stained frozen sections, we discov-
ered no abnormalities. As shown in Figure 4 on the
example of the hippocampus of wild-type and SV2A-
deficient mice, there were no structural changes, devel-
opmental aberrations, or differences in the formation of
characteristic brain areas. Examination of sections from
animals at various ages (postnatal days 1, 14, and 20)
also failed to uncover significant anatomical changes
in the mutant SV2A animals compared with wild-type
littermates. Therefore, the deletion of SV2A does not
lead to developmental changes in brain structure that
could explain the seizures and lethality. Similar results
were obtained for the SV2B-deficient mice and for the
double knockout mice (data not shown).
SV2 proteins are abundant components of synaptic
vesicles, suggesting that a synaptic dysfunction causes
the phenotype in these mice. To search for possible
changes in the abundance or composition of synapses,
we analyzed the levels of selected synaptic proteins in
Figure 3. Epilepsy, Weight Loss, and Biphasic Mortality in SV2A the double knockout mice in comparison with wild-type
Knockout Mice mice derived from the same heterozygous crossings
(A) Postnatal survival of SV2A knockout mice. A group of pups (115 (Table 1). No significant changes were detected in any
total) was followed from birth over a period of 25 days. Dead pups protein, in particular not in synaptotagmin I, which has
were collected twice a day. The rate of survival of the different been proposed to bind selectively to SV2A but not SV2B
genotypes was plotted against age.
(Schivell et al., 1996). SV2C, the third SV2 isoform that(B) Incidence of seizures in SV2A knockout mice as a function of age.
is normally expressed at low levels in a small subset ofAt each age shown, a group of pups was observed for spontaneous
neurons, is still present in the double SV2A/SV2B doubleseizures in their native cage without any foreign stimulus. Observa-
tions were made for 10 min using a video camera. Only apparent knockouts, and could conceivably have increased by
seizures of longer than 15 s were recorded. The incidence corre- way of compensation. The protein quantitations, how-
sponds to the frequency of seizures in a 10 min interval. No seizures ever, showed that the abundance of SV2C was also
were observed in wild-type pups (n 5 10). unchanged in the double knockouts (Table 1). Since the
(C) Average body weight of the pups as a function of age and
levels of synaptic proteins in brain serves as a quantita-genotype. Data shown are means 6 SEMs.
tive measure of synaptic vesicle abundance (Rosahl et
al., 1995), these results suggest that not only the overall
mice that were homozygous for the SV2B mutation and architecture and the composition of the SV2A/SV2B
heterozygous for the SV2A mutation, and that exhibited double knockout brains is relatively normal, but also that
the synaptic vesicle abundance is not grossly changed.no apparent increase in morbidity or mortality (data not
Neuron
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Figure 4. Morphological Analysis of SV2A Knockout Brains
Sagittal sections of the hippocampal region from wild-type (A and C) and SV2A mutant animals at postnatal day 20 (B and D) were reacted
with SV2A-specific antibodies.
(A and B) Immunreactive areas were visualized using the peroxidase antiperoxidase method.
(C and D) Adjacent sections were stained with Cresyl Violett (Nissl). Similar results were obtained with SV2B single and SV2A/SV2B double
knockout brains.
Synapse Formation by Cultured Hippocampal Neurons overall structure of the active zone and synaptic junc-
tion. Thus, SV2 is not required for the elaboration offrom SV2 Knockout Mice
apparently normal synaptic junctions.The SV2A single and the SV2A/SV2B double knockout
mice reveal an essential role for SV2A in the survival of
Synaptic Transmission in SV2A/SV2B Knockout Micethe mice but not for the development and composition
We next examined the functional state of the synapsesof their brains. The fact that SV2s are abundant synaptic
in neurons of various mutant genotypes by monitoringvesicle proteins suggests that an abnormality of syn-
the synaptic responses in autapses of cultured neurons.apse function in the mutants causes the phenotype. To
In all genotypes, spontaneous miniature glutamatergicanalyze this further, we cultured hippocampal neurons
excitatory postsynaptic currents (EPSCs) or GABAergicfrom embryonic mice, which is a preparation that allows
inhibitory postsynaptic currents (IPSCs: defined phar-the characterization of synaptic function of mutant mice
macologically, see Experimental Procedures) were ob-with a lethal phenotype (see for example Geppert et al.,
served. The sizes and frequencies of the spontaneous1994; Augustin et al., 1999). Moreover, the tissue source
permits us to address the specific role of SV2 proteins
Table 1. Levels of Synaptic Proteins in SV2 Knockout Miceby using the SV2A/SV2B double knockout mice since
previous studies have shown that the rodent hippocam- SV2 SV2A/SV2B
pus expresses only SV2A and SV2B but not SV2C (Janz Protein Wild-Type Double Knockout
and SuÈ dhof, 1999). Isolated neurons were cultured on
SV2C 100.0 6 3.1 99.0 6 4.0
microdots of astrocytes in order to foster the formation Synapsin IIa 100.0 6 21.7 111.2 6 9.9
of autaptic synapses on single neurons (Geppert et al., Synapsin IIb 100.0 6 14.0 113.1 6 6.1
Syntaxin 1 100.0 6 6.6 95.5 6 12.01994). Cultures from mice of all genotypes (wild-type,
Munc18-1 100.0 6 6.5 96.6 6 8.2homozygous SV2A and SV2B mutants, and double
Rab 5 100.0 6 8.3 94.3 6 3.9knockout mice) could be readily obtained. Independent
Synaptotagmin I 100.0 6 19.5 107.1 6 9.0
of the genotype, these neurons formed synapses in vitro. Rab 3a 100.0 6 16.2 108.0 6 12.2
To determine if these synapses were similar in SV2 Synaptobrevin II 100.0 6 19.4 123.9 6 13.2
knockout and control mice, we analyzed them by elec-
Relative protein concentrations of different synaptic proteins as
tronmicroscopy (Figure 5 and data not shown). Neurons determined by quantitative immunoblots using 125I-labeled second-
from SV2A/SV2B double knockout mice formed syn- ary antibodies and phosphoimager detection. Total brain protein was
apses that were ultrastructurally indistinguishable from prepared from 1-day-old wild-type and SV2A/SV2B double knockout
mice that were derived from the same crosses between doublesynapses formed by neurons lacking only SV2B. Espe-
heterozygous mice (N 5 3 per genotype), and the same amount ofcially the size, number, and location of synaptic vesicles
total protein was analyzed. Data shown are means 6 SEMs.
appeared to be unchanged in the mutant, as was the
Function of SV2A and SV2B
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Figure 5. Normal Synapse Structure in Embryonic Cultured Hippocampal Neurons from SV2 Knockout Mice
Electron microscopy pictures of hippocampal neurons from 19-day-old primary cultures of SV2B single mutant (A and C) and double mutant
SV2A/B (B and D) animals are shown.
(A and B) An overview is shown of a larger area documenting the presence of several type 2 synapses (labeled with arrows).
(C and D) The normal morphology of the synapses at a higher magnification is documented. Notice the similar structure, size, and density of
the synaptic vesicles in the two genotypes. The scale bar (D) corresponds to 200 nm for (A) and (B) and to 100 nm for (C) and (D).
release events were not grossly abnormal; quantitation and synapses lacking only one SV2 isoform, synaptic
depression was greatly alleviated in neurons lackingof the mean amplitudes of mEPSCs in neurons lacking
only SV2B or both SV2A and SV2B revealed that quantal both SV2s. This results in a 3- to 5-fold increase in
synaptic response during repetitive stimulation in dou-sizes were not significantly different (SV2B single mutant
neurons: 20 6 2 pA [6 S.E.M.] from n 5 6 cells; SV2A/ ble mutant synapses relative to the responses in wild-
type or single mutant synapses. Although the SV2B-SV2B double mutant neurons: 24 6 3 pA [6 S.E.M.] from
n 5 7 cells). Furthermore, electrical stimulation induced deficient synapses appeared to display a slight increase
in synaptic response during repetitive stimulation (seerobust postsynaptic responses, EPSCs and IPSCs, in
wild-type neurons or neurons lacking SV2A, SV2B, or Figure 6C), this effect was very small in contrast to the
phenotype of the SV2A/SV2B double mutant synapses.both SV2A and SV2B (Figure 6 and data not shown).
Thus, synapses that contain no SV2s package neuro- The restriction of the mutant electrophysiological phe-
notype to SV2A/SV2B double knockouts agrees welltransmitters into synaptic vesicles and release them
upon stimulation, indicating that SV2s do not perform with the coexpression of SV2A and SV2B in hippocampal
neurons (Bajjalieh et al., 1994), suggesting that SV2A andfundamental functions in the uptake, storage, and re-
lease of neurotransmitters. SV2B are functionally redundant. Since SV2B-deficient
neurons behaved similarly to wild-type neurons in theIn wild-type neurons or neurons lacking either SV2A
or SV2B, repetitive stimulation at 10 Hz induced a pro- electrophysiological recordings, and the SV2B knockout
exhibited no survival phenotype, the SV2B knockout cangressive reduction in the synaptic response (referred to
as short-term synaptic depression). Stimulations were be considered as wild type. Therefore, in all subsequent
experiments we compared synaptic responses in neu-carried out in an extracellular medium containing 10 mM
Ca21 and 0.5 mM Mg21, conditions that favor a high rons from SV2A/SV2B double knockout animals with
those from SV2B-single knockout littermates as controlsrelease probability and maximize short-term synaptic
depression (Figure 6C). Compared with this marked de- in order to eliminate changes due to genetic background
effects and variations in culture preparation.pression of synaptic responses in wild-type synapses
Neuron
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Figure 7. Increase in Neurotransmitter Release from SV2A/SV2B-
Deficient Terminals During Paired Pulse Stimulation
Graph depicts the relative size of the synaptic response to the
second of two closely spaced stimuli in SV2B single knockout (17
cells) and SV2A/SV2B double knockout neurons (11 cells). The syn-
aptic response to the second stimulus is normalized to the size of
the first response and plotted as a function of the interstimulus
interval. Error bars are SEM. Since recordings were performed under
conditions of high release probability (10 mM Ca21, 0.5 mM Mg21),
robust paired-pulse depression is observed in the single SV2B
knockout neurons, which corresponds to a wild-type response.
difference depends on the interval between the first and
second stimulus, we measured the relative responses
of neurons to two pulses (paired pulses) with different
interstimulus intervals (Figure 7). The plasticity of the
second response to a pair of closely spaced stimuli
occurs as a result of the Ca21-influx during the first pulse.
At all intervals tested, the SV2A/SV2B double knockout
exhibited a stronger paired-pulse response than the sin-
gle SV2B knockouts, suggesting that there is a general
change in this calcium-dependent form of short-term
synaptic plasticity. However, at least for the stimulation
frequencies tested, only EPSCs exhibited the change in
Figure 6. Synaptic Transmission Is Altered in Neurons Lacking Both short-term synaptic depression in the double knockout
SV2A and SV2B neurons; IPSCs were indistinguishable between syn-
(A and B) Representative traces of EPSCs monitored in autaptic apses that lacked only SV2B, or both SV2A and SV2B
neurons. Responses to the initial four pulses of a 10 Hz stimulus
(Figure 6D and data not shown). This result suggeststrain are shown for SV2B single-mutant (A) and SV2A/SV2B double-
that the neurotransmitter release machinery with whichmutant neurons (B). The stimulus artifact has been removed for
SV2 proteins interacts may operate differently betweenclarity.
(C) Mean amplitudes of autaptic EPSCs recorded during a 10 Hz glutamatergic and GABAergic nerve terminals, possibly
stimulus train (18 pulses) under conditions of high release probability because the fundamental regulatory processes differ
(10 mM Ca21, 0.5 mM Mg21). Responses were normalized to the first between excitatory and inhibitory synapses (Varela et
pulse to compare cultures prepared from wild-type (closed circles),
al., 1999).SV2A single knockout (open diamonds), SV2B single knockout
(closed triangles), and SV2A/SV2B double knockout (open triangles)
Normal Apparent Release Probabilityneurons. Note that the pronounced short-term synaptic depression
in wild-type and both single knockout neurons is greatly alleviated in SV2-Deficient Synapses
in the double knockout neurons. Data shown are means 6 SEMs One possible explanation for the increased paired-pulse
from 10 wild-type and SV2A single knockout and 13 SV2B single responses in the SV2A/SV2B double knockout neurons
and SV2A/SV2B double knockout cells.
would be a decrease in the initial release probability.(D) Short-term synaptic depression of IPSC amplitudes is not signifi-
Comparing the mean size of EPSCs in autapses sug-cantly different at 10 Hz stimulation between SV2B single knockout
gested that the double knockout neurons display a siz-(9 cells) and SV2A/SV2B double knockout neurons (11 cells). Extra-
cellular solution contained 10 mM Ca21, 0.5 mM Mg21. able overall decrease in release per initial stimulus; how-
ever, the range of signals was so large that an accurate
estimate was not possible with this method (data not
shown). To test directly whether SV2-deficient neuronsThe difference between the SV2A/SV2B-double knock-
out neurons and the single knockout or wild-type neurons exhibit reduced initial release probability, we evaluated
the relative release probability in cultured SV2B-defi-during repetitive stimulation was already apparent in
the second stimulus (Figure 6C). To investigate if this cient neurons and SV2A/SV2B-deficient neurons using
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SV2s altogether (Figure 8B). In control experiments in
which we decreased release probability by lowering the
extracellular Ca21 concentration, the rate of blockade
was decreased accordingly, confirming that the MK-801
method worked in principle (data not shown). Thus there
is not a major difference in the initial release probability
between the two genotypes, suggesting that the changes
in the Ca21-dependent regulation of synaptic release
must have other causes.
The Nature of the Defect in Synaptic Regulation
in SV2-Deficient Synapses
Ca21 is known to play a major role in various forms of
presynaptic plasticity (reviewed in Zucker, 1996). During
repetitive stimulation with short interpulse intervals, re-
sidual Ca21 is thought to modulate neurotransmitter re-
lease by increasing release under certain conditions
(e.g., paired-pulse facilitation and post-tetanic potentia-
tion), and inhibiting it under others, either directly or
indirectly by causing depletion of the readily releasable
vesicle pool (e.g., short-term synaptic depression). The
role of residual Ca21 in facilitation of release is well
established but its function in synaptic depression is
less clear (see for example, Swandulla et al., 1991; Hsu
et al., 1996; Dobrunz and Stevens, 1997; Wu and Borst,
1999). To explore the nature of the change in the SV2A/
SV2B double knockouts that leads to an enhancement
in the synaptic response during repetitive stimulation,
we first varied the stimulation frequency. As expected,Figure 8. Probability of Transmitter Release Is Not Altered in SV2A/
decreasing the stimulation frequency to 2 Hz decreasedSV2B Double Mutants
the extent of synaptic depression observed at the end(A) The NMDA-receptor component of whole-cell synaptic currents
was monitored every 8 s while holding the cell at 250 mV in the of the 18 pulse train relative to the first pulse in the
presence of 10 mM CNQX and 5 mM MK-801 from SV2B single SV2B single knockouts. Unexpectedly, however, these
knockout cultures (closed triangles: n 5 3) and SV2A/SV2B double conditions led to an even stronger relative increase in
mutant (open triangles: n 5 3). The charge carried by the NMDA the synaptic responses of the SV2A/SV2B double knock-
receptor currents is normalized to the intercept value obtained from
outs (Figure 9A). Conversely, increasing the frequencylinear regression of first 11 responses and is plotted as a function
to 20 Hz promoted synaptic depression in both the singleof stimulus pulse number. Error bars are SEM. The progressive
blocking rate of NMDA receptor-mediated synaptic currents by MK- and the double knockout synapses; at this frequency,
801 is indistinguishable between SV2B single and SV2A2B double only the first few pulses of the train elicited a difference
mutant cells. Control recordings in the presence of low extracellular in response between the two genotypes (Figure 9C).
Ca21 to decrease the release probability showed that the rate of One plausible hypothesis to explain these observa-
blockade is considerably reduced, validating the approach (data
tions is that during repetitive stimulation at intermediatenot shown).
frequencies (2±10 Hz), there is a greater accumulation(B) Recordings of the rate of blockade of NMDA-receptor currents
as a function of pulse number in the presence of the competitive of residual Ca21 in the double mutant terminals than in
NMDA-receptor antagonist D-(6)APV (5 mM) to unmask differences the control single mutant terminals. To test this, we
that may be hidden by potential NMDA-receptor saturation. Again, investigated the effect of loading the neurons with
no difference is observed between the rate of MK-801 block between EGTA-AM, a cell-permeable, cleavable ester of the Ca21
SV2B single mutant (3 cells) and SV2A/SV2B double knockouts (3
chelator EGTA. In control synapses lacking only SV2B,cells). Error bars represent SEM.
EGTA-AM had little effect on the synaptic responses at
low-stimulation frequencies (2 Hz; Figure 9A) but partly
attenuated short-term synaptic depression at higher fre-the rate of blockade of synaptic N-methyl-D-aspartic
acid (NMDA) receptor currents in the presence of MK- quencies (Figures 9B and 9C). This finding supports
the notion that synaptic depression during repetitive801 (Hessler et al., 1993; Rosenmund et al., 1993). With
this method, we detected no difference in release proba- stimulation is normally enhanced by Ca21 action. EGTA-
AM had a completely different, more dramatic effect onbility in the absence of SV2s (Figure 8A). We also
performed the MK-801 blockade experiments in the the synaptic responses in the SV2A/SV2B double mutant
synapses. Here, at low-stimulation frequencies, EGTA-presence of amino-phosphono-valeric acid (APV), a
competitive NMDA-receptor antagonist, to determine if AM completely reversed the relative facilitation ob-
served in the double mutant terminals when comparedreceptor saturation may have hidden a difference be-
tween the two genotypes (Geppert et al., 1997). Although with single mutant terminals (Figure 9A). After EGTA-
AM treatments, double mutant synapses behaved likethe overall rate of blockade changed in the presence of
APV, again there was no difference between neurons SV2B-deficient synapses, which are indistinguishable
from wild-type synapses (see Figure 6C), and whosethat are only deficient in SV2B and neurons that lack
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Figure 9. Frequency Dependence of the Change in Synaptic Transmission in the SV2A/SV2B Double Mutant Neurons: Role of Intracellular
Ca21 Probed with EGTA-AM
Panels depict the normalized autaptic EPSCs in response to repetitive stimulus trains recorded from SV2B single knockout neurons (left
panels) or SV2A/SV2B double knockout neurons (right panels). Synaptic responses were recorded during stimulus trains of (A) 2 Hz, (B) 10
Hz, or (C) 20 Hz from untreated neurons (closed symbols) or neurons pretreated with 0.1 mM EGTA-AM (open symbols). Graphs show means 6
SEMs. The normalized response in the absence of EGTA-AM is from 8 (2 Hz), 13 (10 Hz), and 10 (20 Hz) SV2B single mutant cells and 8 (2
Hz), 13 (10 Hz), and 12 (20 Hz) SV2A/SV2B double knockout cells. The recordings in the presence of EGTA-AM are from 8 (2 Hz), 10 (10 Hz),
and 2 (20 Hz) SV2B single mutant cells and 8 (2 Hz), 10 (10 Hz), and 4 (20 Hz) SV2A/SV2B double knockout cells.
synaptic responses to a 2 Hz stimulation train were not similar to the single knockouts, as would be expected
since at this stimulation frequency synaptic depressionchanged by EGTA-AM. Similar results were obtained for
the other stimulation frequencies. At 10 Hz, EGTA-AM also becomes dominant in the double knockout syn-
apses (Figure 9C). These observations indicate that thealso normalized the response by increasing the initial
synaptic depression and decreasing the overall extent difference in synaptic response observed in the double
mutants relative to the single knockouts during repeti-of depression, resulting in a curve that again resembles
the single SV2B knockout. At 20 Hz, finally, EGTA-AM tive stimulation was mostly because of the build up of
residual Ca21.alleviated synaptic depression in the double knockouts
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The difference between the two genotypes was not sig-
nificant. Thus, EGTA-AM does not significantly reset the
initial response in the mutant synapses and must act
during the phase of residual Ca21 accumulation.
Discussion
SV2A, SV2B, and SV2C constitute a family of synaptic
vesicle proteins with closely related structures but
widely different expression patterns (Buckley and Kelly,
1985; Lowe et al., 1988; Bajjalieh et al., 1994; Janz and
SuÈ dhof, 1999). SV2A is abundantly present in synaptic
vesicles of all presynaptic nerve terminals and also inFigure 10. Effect of EGTA-AM on the Synaptic Response in SV2B
most neuroendocrine secretory granules. SV2B has aSingle and SV2A/SV2B Double Mutant Neurons
more restricted expression pattern, and is widely coex-EPSC amplitudes were recorded from neurons of the indicated ge-
pressed with SV2A in many but not all neurons. SV2C,notype before and after a 5 min application of 0.1 mM EGTA-AM.
Data shown are means 6 SEMs. Note that the small decrease in finally, is only synthesized in a small subset of neurons
response is similar for both genotypes. The mean normalized EPSC primarily localized to the basal forebrain, midbrain, and
of SV2B single knockout cultures decreased to 0.81 6 0.09 (6 SEM, brainstem. SV2s were among the first synaptic vesicle
closed triangles: n 5 4), and the mean EPSC of SV2A/SV2B double
proteins discovered, but their significance has remainedmutant cells was reduced to 0.73 6 0.09 (6 SEM, open triangles:
a mystery despite years of study. All SV2s are hydropho-n 5 3) by the EGTA-AM treatment.
bic membrane proteins that are highly homologous to
plasma membrane transporters (Bajjalieh et al., 1992,
1993; Feany et al., 1992; Gingrich et al., 1992; Janz andMechanism of Action of EGTA-AM
At least three hypotheses could explain the reversal of SuÈ dhof, 1999). Although the structures of SV2s sug-
gested a transporter function, extensive biochemicalthe short-term depression phenotype of SV2-deficient
neurons by EGTA-AM. First, as mentioned above, an studies and expression experiments were unable to de-
fine such an activity. At present, there is no direct clueabnormally high accumulation of residual Ca21 during
stimulation at lower frequencies could cause the relative to the biological role of SV2s at the synapse. In this
situation, we have chosen a genetic approach to gainfacilitation of synaptic responses in the double knock-
outs; the reversal of this process by EGTA would then insight into their functions. The picture that emerges
from our studies is that SV2s are not required for synap-be due to removal of the accumulating Ca21. Second,
the sensitivity of the release machinery to residual Ca21 tic transmission as such, or for the uptake or storage
of neurotransmitters. This was an unexpected result be-could be elevated in the absence of SV2 proteins. When
the rise in residual Ca21 is prevented by EGTA, the effect cause the transporter homology of SV2s suggested that
even if they do not directly transport neurotransmitters,of the mutation will not become apparent. Third, EGTA
could reverse the release phenotype in the double they may be involved in the transport of an essential
cofactor for neurotransmitter uptake or storage. Our re-knockout synapse not by interfering with the action of
residual Ca21, but by changing the extent or probability sults also revealed that SV2s are not required for the
mechanics of synaptic vesicle traffic (exo- and endocy-of the initial synaptic response. The subsequent eleva-
tions in synaptic response during repetitive stimulations tosis), but are essential regulators of this traffic. These
data place the SV2s into the same functional categorywould then be due, for example, to a decreased rate of
depletion of the releasable vesicles. In this case, EGTA as, for example, synapsins or synaptotagmins which act
as important modulators of synaptic vesicle exocytosisresets the otherwise compromised release by making
the release entirely dependent on localized rapid Ca21 (Geppert et al., 1994; Rosahl et al., 1995). SV2s are highly
conserved in all vertebrates tested but are not found ininflux, which is not accessible to EGTA. Although we
found no evidence of a decrease in release probability invertebrates, suggesting that they constitute an evolu-
tionary innovation of synaptic vesicle traffic which(see Figure 8), other mechanisms could inhibit release,
for example by increasing the number of presynaptically emerged with the vertebrates (Janz et al., 1998). Al-
though SV2s are therefore not core components of thesilent synapses. Note that whereas the last hypothesis
involves an EGTA-dependent change in the release pro- synaptic neurotransmitter release machinery, their regu-
latory actions are clearly essential at least for the morecess to the first pulse of the stimulus train, the first two
hypotheses require that the SV2 mutation affects release complex vertebrate nervous systems.
In the hippocampal cultures, we only observed anto the subsequent pulses.
To differentiate between these two scenarios, we electrophysiological phenotype when both SV2A and
SV2B were deleted. This finding demonstrates that SV2Ameasured the effect of EGTA-AM on the relative ampli-
tude of EPSCs. For this purpose, EPSCs were first re- and SV2B are functionally redundant, and agrees well
with the fact that the hippocampal neurons express bothcorded from SV2B single and SV2A/SV2B double knock-
out neurons, the perfusion was switched to a solution SV2A and SV2B but not SV2C. In contrast, deletion of
SV2A alone was lethal in mice while deletion of SV2Bcontaining 0.1 mM EGTA-AM, and after 5 min the re-
cordings were continued in the presence of EGTA-AM had no effect, and deletion of both SV2A and SV2B
was no more deleterious than deletion of SV2A alone.(Figure 10). In both types of neurons, EGTA-AM caused
a moderate decrease in the EPSC amplitude (z20±25%). A possible explanation for this difference in apparent
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redundancy is provided by the relative distributions of these results demonstrate that the phenotype is depen-
dent on residual Ca21 accumulating during repetitivethe isoforms. All neurons apparently express SV2A,
whereas SV2B is coexpressed with SV2A in only a sub- action potentials.
At present, the most plausible hypothesis to explain allset of neurons, including the hippocampal pyramidal
cells (Bajjalieh et al., 1994). SV2C, finally, can basically of these observations is that SV2s function in regulating
cytoplasmic Ca21 levels in the nerve terminal duringbe ignored because it is restricted to a very small subset
of neurons (Janz and SuÈ dhof, 1999). Thus the lethality repetitive stimulation, maybe as Ca21 transporters. The
conserved presence of negatively charged residues inof only the SV2A but not SV2B knockout is likely caused
by the functional changes in neurons which only express TMR 1 of SV2s would agree with such a function. This
hypothesis would explain why relative facilitation is ob-SV2A, while SV2B has little effect because there are few,
if any, neurons that express only SV2B. As a result, in served during repetitive stimulation in the absence of a
change in the initial release probability, and why thisterms of survival the SV2A/SV2B double knockout mice
are not significantly more severely affected than SV2A effect is reversed by EGTA. The hypothesis would pre-
dict that mutant phenotype arises from the abnormalsingle knockouts. The neurons that we analyzed electro-
physiologically, by contrast, coexpress SV2A and SV2B buildup of residual Ca21 which is not removed in the
absence of SV2s as quickly as in wild-type synapses.but not SV2C; consequently, knockouts of both SV2A
and SV2B are required for a significant phenotype in An alternative explanation, which is also consistent with
the experimental observations, is that SV2s function asthese neurons.
The epileptic phenotype in the SV2A knockouts is the targets for residual Ca21 in regulating synaptic neuro-
transmitter release. Although less likely in view of themost severe we have yet observed in a mouse mutant; it
basically kills the mice. The electrophysiological results structure of SV2s, it is conceivable that SV2s are Ca21-
dependent inhibitors of release that act during repetitivedemonstrate that the epilepsy does not derive from a
selective impairment in inhibitory synaptic transmission. stimulation. Future experiments will be directed toward
resolving these mechanistic issues.Instead, the inhibitory synapses were relatively normal,
at least in cultured hippocampal inhibitory neurons, indi-
cating that a failure of circuits may be responsible for the Experimental Procedures
epileptic phenotype. The increased synaptic strength
at glutamatergic inputs during low frequency repetitive Cloning and Characterization of the Murine SV2A
and SV2B Genesstimulation may change the balance of excitatory and
A genomic l library from SV129 DNA (obtained from Stratagene)inhibitory activites to favor overall excitation in neuronal
was screened as described using a probe from the 59 end of thecircuits. The epileptic phenotype suggests a reason for
rat SV2A and SV2B cDNA (Geppert et al., 1994; McMahon et al.,
the evolutionary acquisition of SV2s in vertebrates. It 1996). Multiple clones were isolated, subcloned into pBluescript,
raises the possibility that the more complex neuronal and subjected to Southern blotting analysis and sequencing. These
procedures identified a single l clone of about 14 kb that containedcircuits in vertebrates require additional regulatory ele-
all coding exons of the SV2A gene, and multiple overlapping l clonesments to guard against uncontrolled discharges of neu-
that included the most 59 coding exon from the SV2B gene. Theronal ensembles in central circuits. Clearly, the fact that
entire 12 kb region of the SV2A genomic clone that contained thethe mice die is proof that this regulatory activity is
whole SV2A coding region was sequenced; in addition, the 59 end
needed, even though it is not essential for neurotrans- of the SV2B gene was also sequenced. Sequences were analyzed
mitter release as such. using the DNA Star programs and the program suite of the NCBI.
Both the SV2A and SV2B gene sequences were submitted to Gen-What do SV2s actually do at the synapse? SV2s are
Bank (accession numbers AF196780, AF196781, and AF196782).not required for the normal assembly of synapses or of
the brain, because the structure and composition of
Generation of SV2A and SV2B Knockout Micesynapses, and the overall architecture of the brain, were
To construct a knockout vector for SV2A, a 1.65 kb SmaI fragment
similar between wild-type and knockout animals. As (upstream of exon 2) was subcloned into the HincII site of pBlue-
noted above, the electrophysiology shows that SV2s are script SK and cut out using the flanking XhoI and ClaI sites. This
fragment was inserted into the SalI/ClaI sites of the vector pTK-involved in the Ca21-dependent regulation of neuro-
Neo3A that contains a neomycin-resistance cassette under the con-transmitter release during repetitive stimulation. Al-
trol of the DNA polymerase II promoter and two copies of the thymi-though our results leave many open questions, several
dine kinase gene from herpes simplex virus (Rosahl et al., 1995).conclusions can be made. First, SV2A and SV2B are
Subsequently an z6 kb BglII/NotI fragment downstream of exon 9
functionally redundant; thus any biological activity that was cloned into this vector using BamHI and NotI sites to generate
is functionally important must be shared between them. the targeting vector. The vector was linearized with NotI and trans-
fected into E14.1 ES cells by electroporation (Hooper et al., 1987).Second, their functions are purely concerned with the
The selection of G418- and FIAU-resistant clones was performedregulation and not the execution of synaptic transmis-
as described (SchluÈ ter et al., 1999), and resulting double-resistantsion. Third, their actions appear to have nothing to do
clones were screened for correct homologous recombination by
with the setting of the initial probability of neurotransmit- Southern blotting. DNA from isolated ES cell clones was digested
ter release as evidenced by the MK-801 blockade exper- with BamHI and probed with a 0.6 kb BamHI/SmaI genomic fragment
iments and the fact that EGTA has a similar effect on as an outside probe (see Figure 2). Homologous recombination gen-
erates a 9 kb mutant fragment in contrast to a 12 kb wild-typedouble and single knockout synaptic transmission. Fi-
fragment. To obtain a knockout vector for the SV2B gene, a 2 kbnally, and most importantly, the major phenotype
genomic fragment (downstream of exon 1) was amplified by PCRcaused by the absence of SV2s, the large increase in
(oligos: CAGTCGACTCTCAGTCATCCACCCTGC and GCCATCGA
synaptic responses during trains of consecutive action TAAGTAGGAACTTCCAAAGGTTA) and cloned into the SalI/ClaI
potentials, is largely reversed by intracellular application sites of pTK-Neo3A. An z10 kb genomic NotI/BglII fragment up-
stream of exon 1 was than inserted by using BamHI/NotI sites ofof EGTA. Since EGTA is a relatively slow Ca21 buffer,
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the vector. The resulting targeting vector was linearized by NotI and mM KCl, 9 mM NaCl, 1 mM MgCl2, 10 mM HEPES-KOH (pH 7.2),
and 0.2 mM EGTA. Recordings were performed with axopatch 200Bused for the generation of resistant ES cell clones as described
above. Homologously recombined clones were identified by PCR (Axon Instruments, Inc.). Signals were filtered at 2 kHz, digitized at
5 kHz, and stored and analyzed with programs written in Visualscreening with a primer localized outside of the homologous area
of the targeting vector and a primer derived from the neo cassette BASIC by Don Hagler. Autaptic responses in GABAergic cells, as
determined by the sensitivity to picrotoxin, displayed longer decaysequence. ES cell clones with correctly targeted SV2A or SV2B
genes were injected into blastocysts of C57Black6 mice. Chimeric times and negative reversal potentials (z245 to 250 mV). The decay
time and the reversal potential were thus used routinely as criteriaoffspring was bred against C57Black6 mice, and germline transmis-
sion of the knockout allele was monitored by coat color and PCR for selecting the inhibitory autaptic islands. Experiments were per-
formed at room temperature.analysis using primers A1, A2, and N for SV2A, and primers B1, B2,
and N for SV2B (sequences: A1: ACACGGGAGCGTCTAGAGACC
AGGA, A2: GCGGCAGAAGAGAAAGGTTCCATAA, N: GAGCGCGC Acknowledgments
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Quantitation of Epileptic Seizure Frequency
For every time point, a mouse litter was observed with a video
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